Significant evidence has been gathered suggesting the existence of a main sequence (MS) of star formation in galaxies. This MS is expressed in terms of a correlation between the star formation rate and the stellar mass of the form SFR ∝ M α * and spans a few orders of magnitude in both quantities. Several ideas have been suggested to explain fundamental properties of the MS, such as its slope, its dispersion, and its evolution with redshift. However, no consensus has been reached regarding its true nature, or whether the membership of particular galaxies to this MS implies the existence of two different modes of star formation. In order to advance our understanding of the MS, here we use a statistically robust Bayesian Spectral Energy Distribution (SED) analysis (Chiburst) to consistently analyze the star-forming properties of a set of hydro-dynamical simulations of mergers, as well as observations of real mergers and luminous galaxies, both local and at intermediate redshift.
INTRODUCTION
Over the last decade, deep optical and infrared surveys have established that the majority of star-forming galaxies up to z = 2.5 follow a simple scaling correlation linking their stellar mass with their star formation rate (SFR): SFR = M α * , with 0.5 < α < 1.0 (Brinchmann et al. 2004; Noeske et al. 2007; Elbaz et al. 2007; Daddi et al. 2007 ). The bulk of star-forming galaxies that lie near this simple correlation have been collectively called the "main sequence" (MS) of star-forming galaxies. The existence of a MS has been interpreted as evidence that the majority of galaxies throughout cosmic history form stars in a steady, secular mode, in time scales that are longer than their dynamical timescales (Genzel et al. 2010; Wuyts et al. 2011) , a mode that requires a continuous replenishment of gas from the intergalactic medium. In this picture, the outliers above the MS would be explained by starburst events, probably triggered by mergers, with shorter depletion timescales yielding larger sSFRs for systems off the MS. It has been noted that the zero-point of the MS evolves with redshift, with the MS in the intermediate-and high-z Universe located higher in SFR with respect to the local MS. A possible interpretation of this behavior is given in terms of a larger f gas in galaxies earlier in cosmic history (e.g., Combes 2012 , and references therein).
Both simulations (e.g., Davé et al. 2011; Torrey et al. 2014; Sparre et al. 2014 ) and semi-analytical models (e.g. Dutton et al. 2010; Davé et al. 2012; Dekel et al. 2013; Mitchell et al. 2014 ) predict the existence of the MS and qualitatively reproduce the redshift dependence of the normalization. In these models, the redshift evolution is driven by evolution in the gas accretion rates onto galaxies. The scatter in the MS at fixed stellar mass, which is 0.2-0.4 dex, may be caused by variations in gas accretion rates, formation histories, environment, or galaxy structure, among other possible causes. Merger-induced starbursts can cause galaxies to temporarily move significantly above the MS, but state-of-the-art cosmological hydrodynamical simulations underpredict the abundance of MS outliers (Sparre et al. 2014) . This underprediction may suggest that other processes, such as violent disk instability (e.g. Ceverino et al. 2010; Porter et al. 2014) may be an important source of outliers above the MS.
Interestingly, the existence and redshift evolution of the MS may simply be a consequence of the central limit theorem if in situ star formation is a (perhaps correlated) stochastic process (Kelson 2014) . Thus, the ap-proximately linear slope and the redshift evolution of the MS may not be a useful constraint on theoretical models. However, the magnitude of the scatter in the MS and the populations of outliers, both significantly above (i.e. starbursts) and below (i.e. quenched galaxies) the MS may be able to provide more useful physical constraints on models. Thus, it is of utmost importance to constrain possible variations in physical properties of galaxies across the MS.
The idea of galactic collisions as one possible driving force behind the most spectacular episodes of star formation in the local Universe is supported by the fact that ultra-luminous infrared galaxies (ULIRGs) are often undergoing major merger events, with compact nuclear starbursts providing most of the infrared luminosity (Veilleux et al. 2002) . It seems therefore natural to associate outliers of the MS with such starburst events, although it has been noted that mergers are not necessary to explain the existence of ULIRGs in the high-z Universe (e.g., Sturm et al. 2010) , or in other words, that the incidence of mergers in ULIRGs declines with redshift.
Regarding this difference between local and high redshift ULIRGs, Elbaz et al. (2011) argue, based on the analysis of a deep (z < 2.5) survey in the Great Observatories Origins Deep Survey (GOODS)-Herschel program, that whereas local ULIRGs belong to the starburst mode of star formation, their high-z counterparts are forming stars in the MS domain, and that the resulting confusion between these two flavors of ULIRGs would explain the "mid-IR excess" population observed in z > 1.5 galaxies Papovich et al. 2007 ). In the same paper they propose the existence of an infrared MS defined in terms of the ratio of total infrared luminosity to 8 µm luminosity, which has a Gaussian distribution centered at L IR /L 8µm = 4 (σ = 1.6). They associate the outliers of this infrared MS with a starburst mode of star formation, and find that these outliers are systems with compact projected star formation densities. In this scenario, it is unclear whether the transition from the MS to the outlier regime is a gradual process, or if it happens abruptly.
Despite impressive recent observational and theoretical progress, the MS paradigm and its interpretation in terms of secular vs. starbursty star-formation faces at least two major challenges. The first of these challenges has to do with the suitability of far-infrared (FIR) studies in probing the MS, since they are biased towards systems with high SFR. For instance, Lee et al. (2013) combine multi-wavelength photometry of a sample of over 4000 Herschel -selected galaxies in the Cosmic Evolution Survey (COSMOS) field in the redshift range z = 0.02−3.54 and find that ∼ 60% of these galaxies are more than 1σ above the adopted values for the MS at several redshifts. They also find no evidence for a constant L IR /L 8µm value in high redshift ULIRGs, a feature that had been reported in Elbaz et al. (2011) and dubbed as the infrared MS of star-forming galaxies. The second challenge has to do with the interpretation of the scatter across the MS, and whether the membership or not of particular galaxies to the MS underlies the existence of two different modes of star formation (i.e., different physical conditions of the gas and dust on and off the MS). Whereas some authors (Hayward et al. 2012; Magnelli et al. 2014) have recently argued that the evolution of T dust with sSFR implies a difference in the physical conditions of the interstellar medium (ISM) in starbursts as compared to MS galaxies, other studies have suggested that the distance from a particular galaxy to the locus of the MS depends only on the ratio of gas mass to stellar mass f gas = M gas /M * (Magdis et al. 2012) , with invariance of the ISM physics.
It is therefore important to tackle this problem with as many tools as we have at hand, to try to solve these fundamental questions. It is well established that the bulk of galaxies that constitute the MS are non-interacting systems, but the role of interactions in shaping the properties of the MS is not well understood. Hydrodynamical simulations of isolated and interacting systems whose properties that we can use in combination with the observations come in extremely handy for this task. In this paper, we use a statistically robust SED analysis method (Chiburst) based on the star-forming galaxy models of Groves et al. (2008) , to consistently analyze the star-forming properties of a set of hydro-dynamical simulations of mergers and compare them with real observations of local mergers, local luminous (L > 10 11 L ⊙ ) mergers, and intermediate redshift ULIRGs, with the goal of characterizing the MS, and providing physicallybased explanations to the main properties of the MS (its slope, scatter, and evolution with redshift).
Our methodology is simple: we first apply Chiburst to the multi-wavelength mock SEDs of a set of simulated mergers. The SEDs were calculated by performing dust radiative transfer in post-processing on hydrodynamical simulations. For calibration purposes, we compare the a priori known global properties of the simulated systems, such as stellar mass, SFR, and dynamical time, to the SED-derived typical ISM conditions of their internal star-forming regions. We then apply the same method to a selection of 24 local interacting galaxies at different stages, 6 local luminous (L > 10 11 L ⊙ ), late-type mergers, and 9 z ∼ 0.3 ULIRGs for which ultraviolet to FIR photometry was available. Starting from the derived properties, we search for correlations between global and local physical properties and discuss our results in terms of the MS of star formation and the implications for its general properties. Finally, we discuss possible variations of the internal physical conditions in galaxies as they move along and across the MS.
The paper is structured as follows. In §2 we describe the observations of interacting galaxies used in this paper as well as the reduction process used to obtain their SEDs. In §3 we give an overview of the hydrodynamical models and the radiative transfer code used to generate the mock SEDs of interacting systems. We present Chiburst, our novel Bayesian Monte Carlo fitting method in §4, and in §5 we show the results of applying it to both the observed galaxies and the simulated ones. We discuss the correlations found and their implications for massive star formation in §6. Finally, we summarize our findings in §7.
OBSERVATIONS
The sample of observed galaxies analyzed here comprises three different groups: (i): a subsample of 27 local interactions from the Spitzer Interactive Galaxy Survey (SIGS); (ii): an additional group of 6 local, luminous (> 10 11 L ⊙ ) stage 4 interactions that we have mor-phologically selected from the Sloan Digital Sky Survey (SDSS) and Galaxy Zoo and cross checked with the revised IRAC Faint Source Catalog; and (iii): a group of 9 Herschel -selected intermediate-redshift (z ∼ 3) ULIRGs from Magdis et al. (2014) . We list the observed systems in Table 1 . The SIGS sample is fully described in Brassington et al. (submitted) and was designed to span a broad range of galaxy interaction properties based on their interaction probability, and not only on morphological properties. This was done to guarantee that the sample included systems covering the full range of interaction stages, and not only those with strong morphological disturbances. In this paper we analyze a subsample of 27 interacting galaxies presented in Lanz et al. (2013) (L13 hereafter), which include those SIGS galaxies for which Herschel data was available when that paper was prepared. Out of the 31 galaxies in L13, we exclude NGC 3226, NGC 3227 and NGC 3077, because they do not have reliable GALEX data. We also exclude NGC 4649, a large elliptical with very little MIR/FIR emission. Additionally, the pairs NGC 3396/3396, NGC 3690/IC694, and NGC 4038/4039 are indistinguishable within a single aperture, which means that we only have their integrated SEDs. We therefor have a total of 24 SEDs if local interactions. In L13, these galaxies have been ranked by interactions stage between stage 1 (isolated, non-interacting galaxies) and stage 4 (strongly interacting galaxies) and all except one (NGC 3690) have luminosities between 0.25 × 10 9 L ⊙ and 9.8 × 10 1 0 L ⊙ . From their MIR colors, none of them appears to be globally dominated by AGN activity.
The photometry for these galaxies is fully described in L13. Briefly, matched apertures were used across all wavebands, choosing in each case the Kron aperture to fully encircle the galaxy in the waveband where it looks more extended. A local background was applied in each case and aperture corrections were applied.
The galaxies in the second group were chosen to extend our sample of local interactions to include bright, latetype interactions that had available Herschel observations. They were selected by cross-referencing the IRAC Faint Source Catalog with Galaxy Zoo (Lintott et al. 2008) objects that show stage 4 morphology and have luminosities L > 10 11 L ⊙ . All six objects selected this way had Herschel -PACS and Hershcel -SPIRE maps available from the Great Observatories All-sky LIRG Survey (GOALS) (Armus et al. 2009 ). We obtained the photometry reducing these maps using the Herschel Interactive Processing Environment (HIPE) and performing aperture photometry for our galaxies using the same method as for the L13 galaxies.
Finally, the intermediate-z systems were selected from the original Herschel Multi-tiered Extragalactic Survey (Oliver et al. 2012) . Only sources with S 250 > 150 mJy in fields covered by the survey, and with available spectrometric redshifts were selected. The redshift range covered is 0.248 < z < 0.366, except for one object whose redshift is 0.550. The luminosities of these systems are similar to those in the second group of local interactions, although they are all spatially unresolved, and therefore we cannot allege that they are merger systems. The full sample and the photometry extraction is described in Magdis et al. (2014) .
MOCK PHOTOMETRY OF INTERACTING SYSTEMS
To provide us with a control sample of simulated mergers, we use the same set of hydrodynamical simulations described in Lanz et al. (2014) (L14 hereafter). Here we will briefly describe those aspects of the simulations that are relevant for our discussion. A hydrodynamical code is combined with a radiative transfer code to obtain mock SEDs at different times for a combination of 4 isolated progenitor galaxies and the 10 possible mergers arising from interactions between every different pair of progenitors. The hydrodynamical calculations are performed using the Gadget-3 code (Springel 2005) , while the radiative transfer is calculated using the 3D Monte Carlo dust radiative transfer code Sunrise (Jonsson 2006; Jonsson et al. 2010) . The methods for combining the output from the hydrodynamical code with the dust physics for particular types of galaxies are described in Narayanan et al. (2010a,b) ; Hayward et al. (2011) and Hayward et al. (2012) . The progenitor galaxies are similar to typical Sloan Digital Sky Survey (SDSS) galaxies, with masses ranging from 6 × 10 8 M ⊙ to 4 × 10 10 M ⊙ . In addition to the mergers described in L14, here we also include a more massive, gas-rich merger intended to represent a typical submillimeter galaxy (SMG). We list the basic properties for our simulated mergers in Table 2 .
The emerging SEDs of these systems are computed for ∼ 100 snapshots spanning a time range of ∼ 6 Gyr. The time between snapshots is 100 Myr, although a finer time resolution (10 or 20 Myr) is used near the peaks of star formation, for example during the coalescence phase of the interactions. SEDs are obtained for seven different viewing angles. In the case of interacting systems, the galaxy pairs were put in a specific parabolic orbit with initial separations increasing with the mass of the larger galaxy. We obtain mock photometry of the simulated systems by convolving (assuming z = 0) the resulting SEDs with the filter response of the following bands: GALEX -FUV, GALEX -NUV, U, B ,V (Johnson), J, H, K S (2MASS), Spitzer -IRAC 3.6 µm, Spitzer -IRAC 4.5 µm, Spitzer -IRAC 5.8 µm, Spitzer -IRAC 8µm, IRAS 12 µm, Spitzer -MIPS 24 µm, IRAS 25 µm, IRAS 60 µm, Herschel -PACS 70 µm, IRAS 100 µm, Herschel -PACS 100 µm, Spitzer -MIPS 160 µm, Herschel -PACS 160 µm, Herschel -SPIRE 250 µm, Herschel -SPIRE 350 µm, and Herschel -SPIRE 500 µm.
Unresolved star formation is accounted for by assuming that gas particles with densities above n ∼ 0.1 cm form stars according to the volume-density-dependent Schimdt-Kennicut lawρ * ∝ n α gas , with α = 1.5 (Schmidt 1959; Kennicutt 1998) . Due to the limited mass resolution of the simulations, individual stars are not created. Instead, equal mass star particles are generated stochastically such that the SFR obtained in this way agrees with the Kennicutt law. For all snapshots in each simulation, we register the following quantities: the instantaneous SFR (SFR inst ), defined as the sum of the SFRs of the individual gas particles, calculated based on their gas densities and the assumed sub-resolution star formation prescription; the separation between the nuclei of the interacting pair (d BH ); and the mass of all stars formed from the start of the simulation (m N ).
For the radiative transfer, the Milky Way R = 3.1 (2007) update. Our treatment of the unresolved structure of the ISM corresponds to the "default" ISM described in L14, which implies that the dust associated with cold clouds is ignored, as opposed to the "alternate" ISM treatment.
CHIBURST: A BAYESIAN MONTE-CARLO FITTING
ALGORITHM FOR STAR-FORMING GALAXIES 4.1. SED models Our SED fitting method (Chiburst) is based on the original star-forming galaxy SED models described in Dopita et al. (2005 Dopita et al. ( , 2006a and Groves et al. (2008) . These models compute the SED of a star-forming galaxy as the combination of three main components (each of them accounting for a normalized continuous SFR over different timescales) that can be scaled to adjust the star formation history (SFH) of each galaxy: (i) a starburst (ionizing stars + H ii regions) population of young stars with a continuous SFR averaged over a period of 10Myr (SFR 10 ); (ii) a population of stars formed at a constant rate between 10 Myr and 100 Myr ago (SFR 100 ); and (iii) a component of very recent (< 1 Myr) star formation represented by Ultra-Compact H ii regions (UCHIIRs) responsible for dust heating at temperatures of ∼300 K (SFR 1 ). In order to model more realistic galaxies, we have used Starburst99 (Leitherer et al. 1999 ) to compute a fourth component (additional to the Groves et al. (2008) prescription) and included it in our models to account for the population of even older (up to 5 Gyr) field stars, which we parametrize according to their total mass (M * ). This addition extends the range of galaxy types that we can study with the models to include systems where older populations significantly contribute to optical and near-infrared (NIR) wavelengths.
The starburst component comes in two extreme flavors that can be added linearly: a naked H ii region (stars + atomic gas) and an H ii region fully covered by a photondominated region (PDR) layer, which is the interface between the ionized gas in the HII region and the molecular gas birth cloud from which the cluster was formed. We interpret their linear combination as a covering fraction of PDR surrounding the H ii region (f PDR ). As thor-oughly described in Groves et al. (2008) , the exact shape of the SED for these two components is controlled by two main parameters: the ISM metallicity and a dimensionless quantity related to the dust heating flux: the compactness parameter (C).
Compactness is a good example of a physical property of individual H ii regions that affects the overall shape of the galactic SED. It is related to the total heating flux incident on dust grains located at a certain distance from the ionizing stars. For a spherical expanding H ii region, the heating flux is calculated as L/R 2 at each time, where L is the luminosity of the ionizing cluster and R is the radius of the H ii region, which in turn depends on the cluster mass and the ISM pressure. Hence, models that preserve the run of dust temperature with time should also preserve the quantity L/R 2 averaged over time:
The compactness parameter is proportional to this ratio, and hence sets the evolution of dust temperature with time. Explicitly, the parameter C can be written in terms of the average star cluster mass M cl , and the average pressure of the ISM (P 0 /k) in a given system:
The main effect of compactness on the galaxy SED is a shift of the peak of FIR emission towards shorter wavelengths for larger values of C. An important remark: as defined here, compactness should not be mistaken for the compactness defined in terms of the projected star formation density (for example in Elbaz et al. 2011) , since the latter relates to a global observational property of galaxies, namely the projected star formation density. Nevertheless, one of the goals of this paper is to study any correlation between the two types of compactness.
We have interpolated from the original grid of galaxy SED models to create a continuous parameter space for the star forming parameters described above. Additionally, dust extinction due to diffuse dust in the galactic systems studied (i.e., not associated with H ii regions) is also a free parameter in our models, parametrized as the visual extinction in magnitudes (A v ). We use the attenuation law of that approximates the empirical Calzetti extinction law for starburst galaxies (Calzetti 2001) .
Fitting
Chiburst is a Bayesian Monte Carlo fitting routine to fit multi-wavelength observations of galaxies using the models described above. It takes the galaxy photometry and/or spectroscopy data and their uncertainties as inputs, compares them with the SED models of Groves et al. (2008) with the parametrization described here, and calculates probability distribution functions (PDFs) for the following model parameters: the stellar mass (M * ), SFR 10 , SFR 100 , SFR 1 , the PDR covering fraction (f PDR ), the compactness parameter (C), the ISM ambient pressure (P/k 0 ), the mean metallicity of the system (Z), and the visual extinction in the line of sight towards the system (A V ).
Here is how it works: starting from Bayes's theorem, Chiburst calculates posterior PDFs for the model parameters as the product of two distributions: the likelihood that the data can be drawn from a particular combination of model parameters, and a prior distribution for the model parameters that accounts for any independent evidence collected on particular observables. The likelihood that a model parameter has a given value is obtained from the distribution of χ 2 for models with that value of the parameter. The posterior PDFs are the most complete solution that we can obtain given the available data, the parameter space of models, and the independent evidence on the parameter values.
The Probability Distribution Functions
Suppose that you have obtained photometry of a galaxy in different bands, with certain observational uncertainties associated. Bayes Theorem states that, given those observations, the probability P (M |D) of an SED model M being a true representation of the observed galaxy SED data D, is proportional to the product of the likelihood that your data-points can be obtained from your model (P (D|M )) times a prior distribution P (M ) that contains independent evidence of certain model parameters having certain values. P (M |D) is what we call the posterior PDF and is the solution we are after. The likelihood P (D|M ), or the probability of the data given the model, can be obtained from the distribution of reduced χ 2 values if we assume that the observational errors are Gaussian, i.e., if we assume that multiple measurements of the flux at a particular band will distribute according to a Gaussian. The expression for the likelihood is then:
where the sum is marginalized for each model parameter over all possible χ 2 red,i values for models with a given value of the parameter. The prior P (M ) is a measure of any previous knowledge that you have on a particular parameter or set of parameters. For example, if you have reliable independent measurements of the stellar mass in a galaxy then you can constrain the possible solutions to your problem by constructing a prior on (M cl ) that is compatible with those extinction measurements. In the present work we use uniform priors to specify ranges of reasonable value for our parameters, and to bias our posterior PDFs as less as possible. Finally, you need to apply a normalization factor to your posterior PDF to guarantee that the probability of at least one model being a representation for your galaxy equals one.
Stepping across the parameter space
Given the infinite size of the parameter space (we interpolate from the original grid to allow any value of the parameters), it is not possible to calculate the posterior PDF for every single allowed value of the model parameters, especially as more data points are added and additional model parameters are considered. Instead, we use a Monte Carlo Markov Chain (MCMC) approach to step across the parameter space while properly sampling the posterior PDF. The idea is simple and is based on the Metropolis-Hastings algorithm: we start at a given location of the parameter space where we can calculate the value of P (M |D) old and then randomly move to another location where we calculate the new value of P (M |D) new . We then calculate the ratio P (M |D) new /P (M |D) old and compare it to a random number between 0 and 1. If the latter is lower than the calculated ratio, we accept the step and update the value of the model parameters to those of P (M |D) new . If, on the other hand, the ratio of probabilities is lower than the random number, we reject the step and the model remains unchanged. If the step size and the number of iterations are properly chosen, this process should converge to the posterior PDF. In other words, the histogram of models selected in this fashion should be a representation of the initially unknown posterior PDF, and tells us where in the parameter space are the most likely solutions located, given all the information at hand. This is the ultimate solution to our fitting problem.
RESULTS
We have fitted the multi-wavelength photometry of the simulated interactions described in §3 and the actual observations of interacting systems of §2 using Chiburst. We have chosen the simulations and the observations to cover a broad range of galactic masses, interactions stages, luminosities and morphologies, so that a comparison between the results for both samples will provide insights about the underlying physics associated to a particular SED shape. In this Section we first describe the fits to the simulated mergers and then we move on to the real observations.
Simulated mergers
We have obtained fits for 720 mock SEDs, each corresponding to a different snapshot for the progenitor isolated galaxies (M0, M1, M2, and M3), their paired interactions, and the SMG simulated merger (Table 2) . For the interactions, the snapshots cover the interval between the initial approach, and the moment when they reach a passively evolving stage, after coalescence (between 2.5 Gyr and 6 Gyr, depending on the total mass). A higher time resolution is used near the coalescence phase. In this paper we limit our study of the mock SEDs to a single viewing angle, but further down in this section we briefly explore the effect of viewing angle on the derived parameters. Fig. 1 shows an overview of our SED fitting code at work. Plotted in the lower left corner is SFR inst for the M2-M3 interaction as a function of time, as calculated in our simulation. SFR inst increases during the first passage at around 1 Gyr after the start of the simulation and then increases abruptly during the coalescence phase, at around 3 Gyr. We have indicated three particular times along the interaction sequence that serve as representative stages of the interaction: right after the first passage, at the peak of SFR inst , and during the phase after coalescence.
Fitting of the mock photometry
For the selected snapshots, we show the mock SEDs and the corresponding best Chiburst fits in the insets surrounding the time evolution plot. The most remarkable change in the SED as the interaction evolves is in the relative contribution of FIR emission (coming from the H ii regions) to the bolometric luminosity of the system, which peaks during coalescence. The contribution of optical and NIR emission from the oldest field stars remains rather constant along the interaction, whereas the UV emission (to which both the H ii regions and the stars formed during the 100 Myr prior to a given snapshot contribute) follows the FIR emission, although it significantly decreases in the relaxation phase after coalescence. A similar behavior is observed in all remaining simulations, with the SEDs of less massive interactions and isolated galaxies evolving much less dramatically than in the strong mergers.
Also shown in the small insets are the PDFs derived for three of the model parameters: log C, SFR 10 , and M * . The shaded regions in these PDFs correspond to the 1σ (blue) and 90% (red) confidence levels and represent the most general description of the uncertainties involved in the fitting when all possible points of the parameter space are considered. In a few cases, the best-fit values are outside the 90% confidence region, which suggests that they can differ very significantly from the median-likelihood values. Model degeneracies are likely responsible for this behavior.
The 1σ confidence regions estimated from the PDFs are small compared to the parameter allowed ranges (typically a third or a fourth of the range), and therefore we are able to infer actual differences in the parameters between simulations. Take, for example, the SFR over the last ten million years (SFR 10 ), as estimated from the contribution of the H ii+PDR region to the bolometric SED. Near coalescence, Chiburst gives a 1σ range for this parameter between ∼0.50 and ∼0.80 M ⊙ /yr for the M1-M1, whereas for the M1-M2 interaction the obtained solutions range between 0.30 and 0.65 M ⊙ /yr. These are two systems with similar masses and star formation histories before coalescence, but despite their similarities, we are able to differentiate their fundamental parameters using our method. Similarly, other parameters such as A V , log C, M * , and f PDR can now be compared from system to system in a statistically meaningful way. Further down, in §5.1.2, we will investigate how the derived PDFs relate to the a priori known values that we know from the simulations.
The SED fit plots show how different model parameters control the flux in different wavelength regimes: the UV is dominated by emission from stars younger than 100 Myr, either those associated with the unobscured, youngest and most massive systems in the H ii regions and parametrized as SFR 10 (dashed cyan line), or field A-type stars lasting 10 times longer and parametrized by SFR 100 (single-dot dashed red line); the optical and near-infrared are dominated by the photospheres of the oldest field stars parametrized by M * (dashed purple line), whereas the mid-infrared (MIR) and FIR emission comes almost entirely from the H ii regions and the PDRs with bright PAH emission (because no heating of diffuse dust from older stellar populations is included in the models), again parametrized by SFR 10 (the dashed light blue line again). In certain systems, there might be a non-negligible contribution to the MIR from UCHIIRs, parametrized by SFR 1 (triple-dot dashed yellow line). The estimation of the total SFRs and stellar mass benefits from a multi-wavelength approach that accounts for both the obscured and unobscured components.
To illustrate how the method works for mergers of different masses, in Figs. 2(a)-2(d) we show fits to the mock SEDs of the simulations corresponding to the interaction pairs M0-M1, M1-M1, M1-M2, and M2-M3, all of which have different total stellar masses. The SEDs shown correspond to a moment of enhanced SFR, near coalescence. Typically, more massive interactions have larger bolometric luminosities, and the relative contribution of FIR (8-1000 µm) emission to the total luminosity tends to increase with the total mass of the interacting galaxies, an early indication that more massive interactions have larger specific SFRs near the coalescence phase. This is however not always the case. The M1-M1 interaction, for example, has a larger FIR contribution at coalescence than the M1-M2 system, which is more massive. In fact, our results show that the largest fractional FIR luminosities happen preferentially in interacting pairs where both galaxies have equal (or similar) masses. This occurs because, all else being equal, the strength of the starburst induced by a merger decreases as the mass ratio between the progenitors increases (Cox et al. 2008) . There is also a trend for the FIR bump peaking at shorter wavelengths in those systems where the FIR emission is larger (see also Hayward et al. 2012 ). We will later interpret this peak shift in terms of the compactness parameter (Eq. 2), and will argue that this particular SED characteristic reveals an interesting property of the ISM physics in interacting systems.
As discussed in L14 and in Hayward & Smith (2014) , the viewing angle mostly affects the SED in the UV bands, where the obscuring effect of dust is larger. At these wavelengths, the typical variations in λF λ are of the order of 0.25-0.5 dex, and reach a maximum immediately after coalescence, when a large amount of UV photons from young massive stars are absorbed by thick layers of dust. To study the effect of viewing angle on our derived parameters, we have taken the most massive of the original simulations (not including the SMG), corresponding to the M3-M3 merger, and fitted the post-coalescence SED for two different cameras corresponding to orthogonal viewing angles. Fig. 3 shows the results of this exercise. We do not see significant changes in the derived PDFs for the parameters, except perhaps for a difference of 0.1 dex in the derived value of log A V . More relevant for the present study is the fact that differences in viewing angle do not significantly affect the estimation of the compactness parameter or the SFR, because these parameters are better constrained using the MIR and FIR emission, where dust obscuration is negligible or nonexistent. Moreover, we know that in the post-coalescence phase, when the effect of viewing angle is more important, the infrared indicators significantly overestimate the SFR (Calzetti et al. 2010; , and so we interpret the post-coalescence parameters with caution.
Validating the method: true physical parameters vs. derived parameters
To validate the results of applying Chiburst to real observations, we first compare the relevant parameters derived from the fitting of mock SEDs with the true values from the hydrodynamical simulations. In the latter, unresolved star formation is accounted for by assuming that gas particles with densities above certain threshold form stars according to the volume-density-dependent Schmidt-Kennicut law. The resulting star particles are assigned Starburst99 SEDs with a Kroupa initial mass function (IMF), which are the input for the radiative transfer code. Since Chiburst assumes the same IMF, we assume the true SFR to be the instantaneous SFR from the simulations, as defined above. In Fig. 4(a) we show the correlation between SFR inst and the Chiburstderived value of SFR 10 .
Chiburst overestimates the instantaneous SFRs, but not dramatically: for the most massive interactions (M2-M3, M3-M3), we obtain SFRs that are an average factor of 2 above the true values, whereas for the less massive systems SFR inst and SFR 10 are in good agreement within the 1σ uncertainties derived from the PDFs. The outliers of this correlation, significantly above the majority of points (up to a factor of 100), correspond to the postcoalescence phase of the most massive mergers, where star formation is abruptly quenched. One possible reason for the post-coalescence overestimation of the SFR is heating from stellar populations older than 10 Myr ), which is not accounted for in the models. When dust heating from stellar populations is included in the SED modeling, the SFR can be recovered much more accurately in the post-coalescence phase (Hayward & Smith 2014 ). This effect is much more important after coalescence, when the fraction of recently formed stars decreases dramatically. Note that the correlation spans over a range of 3 orders of magnitude in SFR inst . The SMG simulation is also in good agreement with this correlation, which indicates that Chiburst can determine the true values of SFR within a factor of 2 over a dynamic range covering almost five orders of magnitude.
We also compare the stellar mass present in each simulation with our estimation of the M * parameter from Chiburst. In Fig. 4 (b) we show this comparison for the original L14 simulations. We slightly underestimate the total stellar mass, obtained by summing up the initial disk and bulge stellar masses, and the mass of stars formed during the simulation. We obtain stellar masses that are a factor of 1.25 or less below the true stellar masses, with better agreement near the coalescence phase. The combined effect of slightly overestimating the SFR and underestimated the stellar mass implies that our derived values for the specific SFR (sSFR ≡ SFR inst /M * ) are within a factor of 2.5 (or 0.4 dex) of the true values. In general, the uncertainty in the determination of the sSFR is method-dependent. By collecting published values of the sSFR as a function of stellar mass and redshift using various methods, Behroozi et al. (2013) have estimated the uncertainty in sSFR due to the use of different techniques to estimate it. They show that such uncertainty varies from 0.3 dex to 0.4 dex for stellar masses between 10 10.5 M ⊙ and 10 9.5 M ⊙ . Our derived values for sSFR are therefore within the uncertainty associated with the use of a particular method.
PDR covering fraction and extinction
Extinction due to interstellar dust affects the emission at UV and optical bands. At these wavelengths, radiation is either scattered or absorbed by the dust particles and, if absorbed, re-emitted at MIR and FIR wave- 
-(a)
Comparison between the instantaneous SFR inst (from the hydrodynamical simulations) and the Chiburst derived values of SFR 10 (peak of the PDF), for the complete set of the L14 simulations (including isolated galaxies and mergers). The solid line indicates the one-to-one correlation, whereas the dashed line is shifted upwards by a factor of 2. (b) Comparison between the total stellar mass in each simulation (including initial disk and bulge masses and the mass of stars formed from the beginning of the simulation) and the estimated parameter M * from Chiburst (peak of the PDF). The solid line indicates the one-to-one correlation, whereas the dashed line is shifted downwards by a factor of 1.25. In both panels, the points are color-coded by total stellar mass.
at each wavelength follows a wavelength-dependent attenuation curve which is characterized in terms of the V -band attenuation in visual magnitudes, A V . As discussed in Groves et al. (2008) , the H ii regions plus PDRs only reach a maximum A V of 0.8 for a solar metallicity starburst. Additional extinction due to foreground diffuse dust needs to be accounted for in order to correctly describe the extinction in luminous ULIRGs. Chiburst allows for this additional extinction (A V ) to be a free parameter of the fitting. The attenuation curve used is that described in , corresponding to a turbulent foreground screen. This curve shows decreasing extinction with wavelength, and three main absorption features: two silicate features at 10 µm and 18 µm, and a weaker absorption feature at 0.2 µm due to the carbon ring π-orbital resonance.
In Fig. 5 we show show a plot of log C as a function of log sSFR color-coded by the amount of A V required in each case (left panel) and covering fraction of PDRs (right panel) for all snapshots in all the original L14 simulations. Extinction values range from log A V ∼ −0.8 to log A V ∼ 0.5, with a median value of log A V = 0.0 and a standard deviation (in logarithmic scale) of 0.3. We do not detect a strong trend between A V and compactness, but the highest extinction values (A V ∼ 3) are required to fit massive systems near coalescence. This general behavior could be attributed to a screening effect: we only see optical and UV radiation emitted near the skin of the obscuring material and only near coalescence, when most of the starlight is being processed by dust, do we see an effect of the obscuration. The distribution of PDR covering fractions is more uniform, with a median value of 60% and a standard deviation of 14%. In this case, however, we see a smooth evolution of the PDR covering fraction with compactness, with early stage interactions having low covering fractions (f PDR ∼ 40% − 50%) and strong late mergers having almost 100% covering fraction of PDR. Such behavior is expected if PDRs trace recent star formation and are therefore enhanced in the most active phases of the starburst.
Age of the starburst
During a starburst episode, most of the UV radiation in emitted by young (< 10 Myr), massive stars. Shortly after a starburst ends, H ii regions that are initially fully covered by star formation-induced PDRs start to dissipate, due to mechanical and radiative pressure exerted by the youngest stars. Also, stellar populations start to age, which means that at these post-starburst stages a considerable amount of the observed UV emission arises from older (> 10 Myr) field stars that have dissipated their surrounding ISM but that are still emitting significant amounts of UV photons. In absence of additional attenuation by foreground dust, these photons reach us directly without having been processed by the ISM. This means that a good empirical way to estimate the time that has passed since a starburst is by comparing the amount of UV emission originating in the 10 Myr population with that originating in older (up to 100 Myr) stars. We can do this using our models by comparing the ratio SFR 10 /SFR 100 . Systems with a recent starburst event should have higher values of this ratio.
In Fig. 6 we plot SFR 10 /SFR 100 for each snapshot of the simulations against the gas depletion time τ d , that we obtain by dividing the gas mass remaining in each snapshot by our estimated value of SFR 10 . We have excluded the isolated systems from the plot, because they do not show a strong evolution of star formation with time as in the case of interactions. The ratio is related to the recent SFH at a given snapshot: log (SFR 10 /SFR 100 ) ∼ 0 corresponds to systems where SFR inst has remained constant over periods of at least 100 Myr. For example at around 2 Gyr after the start of the simulation in Fig. 1 (no ongoing starburst); log (SFR 10 /SFR 100 ) > 0 correspond to systems where SFR inst is increasing, with larger ratios for steeper increases, such as in the most massive interactions near coalescence in Fig. 1 . Finally, systems where log (SFR 10 /SFR 100 ) is significantly below 0 correspond to post-starburst systems, where SFR inst is rapidly decreasing. In Fig. 6 , the dashed line corresponds to the following one-to-one correlation: log τ d = − log SFR 10 SFR 100 + 9.75 (4) -Correlation between the age of the starburst, parametrized as the ratio between young (< 10 Myr) and old (100 Myr) populations, and the gas depletion time τ d , for the original L14 simulations along the full duration of the interactions. The circles are color coded according to their compactness, and the dashed line corresponds to the one-to-one relation of Eq. 4. Fig. 6 indicates that there is an evolution of the gas depletion timescale as a function of interaction stage. This implies that star formation is much more efficient near the peak of the SFR 10 /SFR 100 than in periods of secular star-formation, when the SFR is constant over larger time intervals. This is an expected effect in the merger paradigm: star formation efficiency increases as a consequence of the fast collapse of as into the nuclear regions of mergers. In fact, starbursts are often defined as systems whose gas depletion time is much shorter than the Hubble time. The gas depletion timescale τ d also correlates with log C. Compactness can therefore be used as a probe of the interaction stage and gas depletion efficiency.
Observed galaxies
Fits to the observed photometry for local mergers, local late-type luminous mergers and intermediate redshift ULIRGs have been performed with the same method as for the simulated mergers. For most of the observed systems, the wavelength coverage is similar as for the mock photometry of the simulations, although some of the bands are missing for specific galaxies. The intermediate redshift ULIRGs appear heavily obscured, and therefore no GALEX detections are available. Nevertheless, for these systems the rest-frame UV emission that for local systems falls within the GALEX bands starts shifting into the optical, making the lack of GALEX data a less severe problem for our purposes.
In Fig. 7 we show example fits for our three groups of galaxies. We are able to obtain good fits over the entire wavelength range (i.e., average residuals are within ±0.2 dex) for most of the observed galaxies. Exceptions include galaxies with a flat, featureless MIR spectrum, such as BOOTES1. Our hydrodynamical simulations, as well observational evidence from IRS observations of embedded active nuclei (Imanishi et al. 2007) , suggest that such flat spectrum is due to a significant contribution from mid-infrared AGN thermal emission to the bolometric luminosity (Snyder et al. 2013, Rosenthal et al., in preparation) . AGN emission does not significantly affect the galaxy derived parameters for our range of galaxy masses. If that were the case, more significant deviations should be observed in Fig. 4 between true and estimated values, since we would interpret AGN emission as the effect of additional star formation. But such effect is not observed. This has also been corroborated using other fitting tools (Hayward & Smith 2014) .
Nevertheless, the range of SED shapes that we obtain for our observed galaxies is contained within the range of shapes for the simulated mergers. We can therefore associate particular observations to specific stages of the simulated interaction, via the differences in their physical parameters measured using our SED analysis. Although there are variations in the number of available datapoints and exact wavelength coverage from galaxy to galaxy, the model parameters are constrained with similar uncertainties as for the case of the simulated mergers, as can be noted by comparing the resulting PDFs. In particular, statistically robust differences in the compactness value for different systems can be inferred from our method. Table 3 lists the most relevant parameters (those that are well constrained) for the observed systems.
Compactness
To characterize the observed systems, we now compare their derived properties with those of the simulations. A major question driving the present work is whether the global star-forming properties of galactic systems, such as the sSFR, relates to the internal physics of the ISM. Another question is whether we can reproduce the starforming properties of observed luminous systems, both locally and at intermediate redshifts, with models based on interacting systems. The compactness parameter (C) defined earlier is related to the internal conditions of the ISM at the scales of H ii regions. It seem therefore a reasonable idea to characterize the systems according to this parameter to see whether we can link compactness to particular stages of the interaction. Fig. 8(a) summarizes the evolution of C as a function of star formation activity for all simulated and observed systems in this paper. The plot shows the Chiburstderived compactness as a function of the sSFR. The plotted values correspond to the mode of the PDF for each parameter. Included in the plot are: the original M0, M1, M2 and M3 simulated galaxies as well as their paired interactions along the full duration of the simulation, both before coalescence (black circles) and after coalescence (white circles); the SMG simulation at different times during the simulation (large yellow dots); the observed local interactions (red triangles), the stage-4, luminous interactions (that we also call local ULIRGs, blue diamonds), and the intermediate redshift ULIRGs (green squares).
In order to correct for the evolution of the MS with redshift, in Fig. 8(b) we have shifted the intermediatez galaxies to match the sSFR that they would have in the Local Universe, according to Eq. 13 in Elbaz et al. (2011) . This brings them close in the diagram to the local ULIRGs in sSFR. We have fitted straight lines (log C = a × log sSFR + b) to the resulting correlation for three different groups of datapoints: the simulations in precoalescence stages, the local L13 interacting galaxies 9 , and the local and intermediate ULIRGs, excluding the SMG simulation, whose SED evolution we discuss below. In this last group we also include NGC 3690, which is the only of the L13 galaxies with L IR > 10 11 L ⊙ and has the morphology of a late-type merger. For reasons that will become obvious later, we call members of this last group 
Galaxy
Type log SFR 10 log SFR 100 log M * log SFR 1 outliers. In Table 4 we list the parameters obtained for these linear fits. The remarkable correlation between the SFR per unit stellar mass (i.e., the sSFR) and the compactness parameter of Fig. 8 contains valuable information about the MS. This correlation is mostly evident for the simulated systems, holding for all merger masses at all times prior to coalescence. The way this correlation arises in the simulations is through a coupled time evolution of the two quantities: early in the simulation, at secular stages of the SFR, both compactness and sSFR are low. As the merger approaches coalescence, there is a boost of the star formation efficiency, the radiation field intensity increases, and gas compression produces an increase in pressure. Therefore, both compactness and sSFR increase until they reach a maximum at coalescence, and in the process, a galaxy moves along the correlation in Fig. 8 . It is easier to visualize this evolution for a single system: in Fig. 9 we show the evolution of sSFR and compactness in time for the particular simulation M2-M2.
All other simulations behave similarly, and they all evolve along the the correlation with slope 1.4. How high the sSFR and log C of an interacting system can reach along the correlation depends on its total stellar mass, with only the more massive mergers reaching values of Pre-coalescence sims. 1.4 ± 0.1 19.0 ± 0.1 L13 galaxies 1.3 ± 0.2 17.4 ± 0.2 Outliers 1.7 ± 0.3 20.9 ± 0.2 log C above 6.0. In fact, our results show that the largest compactness is achieved in interacting systems with two equal-mass galaxies (e.g., M2-M2, M3-M3). Simulations of isolated galaxies never reach too high in sSFR or compactness, remaining in the lower part of the diagram (log C < 5) and creating the somewhat flatter leg of the correlation seen at the low compactness end. The correlation implies that for a given sSFR, all simulations that reach that particular level of star formation activity have the same compactness regardless of the total mass of the merger. Statistically, the three slopes listed in Table 4 are the same, which implies that a very similar correlation holds for the observed systems as well, and that the simulations correctly describe the observed evolution of compactness. In fact, in both simulations and observations The compactness parameter (log C) plotted against the logarithm of the derived sSFR for all the simulations and observed systems described in this paper. The simulated mergers and isolated galaxies are shown as black (before coalescence) and white (after coalescence) circles. Also shown are the L13 galaxies with available GALEX data (red triangles), the local ULIRGs (blue diamonds), and the intermediate redshift ULIRGs of local interactions, log C and sSFR correlate with interaction stage, i.e., observed systems classified as stage 3 or 4 occupy the higher part of the diagram (local ULIRGs included), just like near-coalescence snapshots in the simulations. On the other hand, observed systems with low interaction probability are located in the low compactness end, where the early, pre-coalescence simulated snapshots are located. Nevertheless, the zero-point of the correlation is significantly different for each of the three groups: both the local interactions and the outliers are offset with respect to the simulations, and perhaps more importantly, there is an offset between the local interactions and the outliers. We will discuss the implications of these offsets in § 6.5 in terms of membership to the MS of these systems.
In Fig. 10 we present an alternative visualization of our results that emphasizes the existence of the MS. Shown is the derived SFR as a function of derived M * for our simulated and observed galaxies, color-coded by compactness value. For the simulated systems, the resulting MS naturally arise as a consequence of the time evolution of star formation in our progenitor galaxies and simulated interactions. In particular, its scatter in the vertical axis, that we measure to be 0.38 dex, is created by the increase in sSFR as systems of different total masses approach coalescence. Systems in near-coalescence stages are closer to the upper envelope of the correlation and also have higher compactness. We note that there is a discrepancy of about 0.4 dex between the locus of our MS and the correlation fitted to local galaxies in Elbaz et al. (2011) (solid line in Fig. 10 ). As we have mentioned earlier, the determination of the sSFR is method-dependent and the use of different methods between the present work (SED fitting) and that of Elbaz et al. (2011) (conversion from L IR using different SED templates) might account for the difference observed.
Whereas we are not claiming that interactions only are the only cause for the scatter (in fact, at a given time only a small fraction of galaxies is undergoing a merger), our results clearly show that at least some of the dispersion in sSFR is created by the evolution of mergers, and that the existence of the scatter cannot be attributed to measurement errors only. In other words, the MS is not the result of the majority of galaxies having a single sSFR. Rather, there is a smooth evolution of the sSFR with interaction stage of the mergers, and the observed scatter of the MS with respect to its mean value can be partially understood in terms of this evolution. We note that the presence of mergers (∼ 20%) in the MS has been confirmed by morphological studies of a large sample of galaxies in the COSMOS field (Hung et al. 2013) .
The local mergers share the same region of the SFR-M * parameter space with the simulations, whereas practically all the local and intermediate redshift ULIRGs appear displaced with respect to the MS towards higher sSFR, and have lower values of log C as expected from their luminosities. It is in this sense that these luminous systems are outliers of the MS, and analogs of the 'starburst mode' galaxies identified in Elbaz et al. (2011) . All of these outliers, including the local merger NGC 3690 have SFR above ∼ 30 M ⊙ yr −1 , or sSFR above ∼ 7.9 × 10 9 yr −1 , and its condition as outliers of the MS is related to their offset in the sSFR-log C correlation of Fig. 8 . In § 6.5 we study whether all these outliers are compatible with strong mergers (the merger paradigm) or if their internal physical conditions indicate that they might also be pre-coalescence systems.
The IR8 parameter and its relation to compactness
In this Subsection we measure the parameter IR8 = L IR /L 8µm defined in Elbaz et al. (2011) for our set of simulated and observed interactions. The motivation to do so comes from Elbaz et al. (2011) , who show evidence that the distribution of IR8 values in star-forming galaxies defines an infrared MS, with the vast majority of galaxies belonging to this MS characterized by a Gaussian distribution of the IR8 value with median IR8 ∼ 4. The outliers of this infrared MS (< 20%) form a tail towards larger values of IR8, and have typical IR8 values of 10. They also show that these outliers are systems with compact projected star formation densities. Here we investigate whether we recover a similar distribution of IR8 values from our simulated and observed systems.
We measure IR8 from the best-fitting SEDs obtained with Chiburst. We integrated the rest-frame SEDs between 8µm and 1000µm to estimate the value of L IR for each system. For observed and simulated systems we then used the (measured or mock) flux density at 8 µm as an estimate of L 8 . For those observed systems for which we did not have measured rest-frame 8µm flux densities available, we integrated the SEDs convolved with the IRAC 8µm filter response, in a similar way in which we obtained the mock photometry, and used the resulting value as L 8 . We took care in performing the same process for the intermediate-z ULIRGs, using their restframe SEDs.
In Fig. 11 we show IR8 as a function of the 8 µm luminosity for all simulated and observed systems, colorcoded by value of log C. For the simulated systems (except the SMG simulation), the mean value of the distribution of IR8 values is IR8 = 2 (solid line in the plot), and the standard deviation is 0.12 dex. At all times, the majority of systems are within 1σ of the mean value (indicated by the dashed lines), and outliers include sys- tems with both higher and lower values of IR8, although they are preferentially located in the low-IR8 side of the distribution. No clear indication of a high-IR8 tail can be inferred from these simulated interactions, but all the observed outliers of the MS also appear as outliers of the IR8 distribution, as discussed below.
Objects with high compactness are towards the luminous end of the distribution, and their IR8 values are within the 1σ boundaries. For the observed local interactions (triangles in Fig. 11 ), the distribution of their IR8 values has a mean of 2.9 and a standard deviation of 0.13 dex, and so they have statistically higher IR8 values than the simulations. The SMG simulation has IR8 values well above the distribution for all the other simulations, with a mean value of IR8 = 5.5. The local and intermediate-z ULIRGs also have IR8 values more than 1σ above the local interactions and the simulations, but still below the values for the SMG simulation, with a mean IR8 value of 4.1 and a small standard deviation of 0.05. With respect to the local observed and simulated mergers, they appear to be members of the high IR8 tail of starbursts reported by Elbaz et al. (2011) in their sample of Herschel -selected galaxies.
The mean value of IR8 for the simulated systems in Fig. 11 is a factor of 2 lower than the value reported in Elbaz et al. (2011) , for both their local sample of galaxies and the high redshift sample. A number of reasons could explain this disagreement. First, because of the heterogeneous nature of their local sample, both their L IR and L 8 were estimated based on the available photometry, and no homogeneous method was used. In particular, for high-z galaxies, they were relying on SEDs that were usually incomplete in the long-wavelength end, since this part of the spectrum had been redshifted beyond the Herschel bands. Finally, they use a different set of SED templates (namely the Chary & Elbaz 2001, templates) to perform the fits to the galaxy photometry. These templates have a similar treatment of the dust particles as our models, but differ in the treatment of the emission from PAHs. Whereas Chiburst uses an empirical PAH spectrum with optical properties similar to those of coronene, and fitted to two particular interacting galaxies, the Chary & Elbaz (2001) templates use a mixture of six different planar PAH, and their emissivities are explicitly calculated. All this can have an effect in the measured IR8 values.
6. DISCUSSION 6.1. General considerations We now discuss the implications of our results, and in particular of Figs. 8 and 10 . First, for interacting galaxies the so-called local MS of star formation should not be thought of as a one-to-one correlation between SFR and M * , or equivalently, not all galaxies in the MS have the same SFR per unit stellar mass. Instead, there is a smooth evolution of the sSFR with interaction stage. We interpret the observed scatter of the MS with respect to its mean value in terms of this evolution. Galaxies located near the upper envelope of the MS are systems undergoing mergers near the coalescence phase, with relatively higher sSFR and typical masses of the progenitors exceeding M * = 10 10 M ⊙ . This evolution is also accompanied by a change in the internal conditions of the ISM as the systems approach coalescence, parametrized by compactness. The ISM in systems near the bottom envelope of the MS is exposed to different environmental conditions than the ISM in high compactness systems. According to the definition of compactness, this translates in different values for the time-averaged ratio of stellar luminosity L * to spatial extension of the dust R. Both the stellar mass of the starburst clusters and the ISM pressure control this ratio.
Therefore, Fig. 8 implies that the global properties of interacting systems, such as the sSFR or the total luminosity, are linked to the internal properties of the ISM, such as the heating flux incident onto interstellar dust particles in star-forming regions. Galaxies near the upper envelope of the MS do not only have enhanced sSFRs, but they also have warmer distributions of dust temperatures. This cannot be just the effect of the youngest (say younger than 3 Myr) H ii regions dominating the FIR SED during the coalescence phase, because compactness, as well as many other star formation indicators, is sensitive to timescales of ∼ 10 Myr, (i.e., Chiburst averages a constant SFH over those 10 Myr for the H ii region component), and individual H ii region expand much faster. Therefore, a higher log C near coalescence must be related to different physical conditions of the ISM. Evidence for variations in the ISM physics across the MS for a given redshift has been collected by several authors (Daddi et al. 2010; Saintonge et al. 2011; Magnelli et al. 2014) , although some studies have suggested that the distance from a particular galaxy to the locus of the MS depends only on f gas = M gas /M * (Magdis et al. 2012) . Our results here help to settle this issue.
The second implication has to do with the bimodal distribution of the zero-point for the log sSFR-log C correlation. Our results show that, after the cosmic evolution of the MS has been taken into account, the membership of a system to the MS can be decided based on which of the two different normalizations it belongs to, and not necessarily on its level of starburstiness. The bimodality should be explained in terms of one or several of three possibilities: differences in relative gas content (f gas ) which would yield higher sSFRs in gas-rich systems; a difference in the efficiency of gas conversion into stars (both of these two options would normalize the correlation of Fig, 8 along the sSFR axis); or a difference in the ISM conditions near the star-forming regions, that would lead to compactness variations, normalizing the correlation along the log C axis.
An additional consideration has to do with an incomplete treatment of the ISM physics in the hydrodynamical simulations: the Gadget-3 simulations do not resolve the ISM at the scales of individual H ii regions and, although the effective equation of state used in the simulations implicitly includes the effects of supernova feedback, it does not account for the mechanical feedback exerted by radiation from massive stars. Assuming a typical cluster mass of 10 5 M ⊙ , then we require variations in log(P 0 /k) between 3 K cm −3 and 8 K cm −3 to account for the observed variation in compactness. It is likely that differences in the treatment of feedback between the Gadget-3 simulations (that assumes the feedback comes from supernovae) and Chiburst (that include the mechanical luminosity of a mass-loss bubble) explain the the vertical offset of ∼ 0.5 dex between the simulations and the local mergers in Fig. 8. 6.2. The slope of the log sSFR-log C correlation Let us attempt an interpretation for the slope of the correlation in Fig. 8 . Let us start with the fundamental definition of compactness in Eq. 1, and let us assume that the proportionality holds for all times. The amount of luminosity being produced in a patch of ISM scales linearly with the sSFR within that particular patch, and hence: log C = log sSFR − 2 log R + constant.
Now, we have already estimated the slope of the correlation to be ∼ 1.4. Therefore we have: log C = 1.4 log sSFR + constant.
If we compare eqs. 5 and 6, then we can infer that if sSFR ∝ R −0.25 , then we recover the measured slope of 1.4 for the log sSFR-log C correlation. A possible interpretation for this is that systems with high sSFR have smaller physical sizes. For a fixed gas mass, the volumetric Kennicutt-Schimdt relation implies a similar effect, i.e., that the specific SFR should be inversely proportional to the volume of the region in consideration. Qualitatively, this is also consistent with observations of local ULIRGs. For example, approximately half of the luminosity of Arp 220 is emitted from within its central 100 pc, which means that this object with very high sSFR is also very compact. Elbaz et al. (2011) also attribute more compact projected star formation densities to their outliers, which they interpret to be starburst.
This interpretation has a flaw: the fundamental definition of compactness in Eq. 1 is referred to the luminosities and physical sizes of individual H ii regions. Whereas the "single H ii region" interpretation might prove useful for physically compact objects such as Arp 220, it is not straightforward to apply the same description to other geometries of the starburst. Ideally, it would be desirable to relate the slope of the log sSFR-log C correlation to the properties of the ISM that control compactness, i.e., the cluster mass (M cl ) and the ambient pressure of the ISM (P 0 /k). In the following we provide such an alternative interpretation.
If we assume a standard polytopic equation of state for the gas, we can write:
The volume-density-dependent K-S relationship implies:ρ * ∝ n α g , α ∼ 1.5
Thus,
which after some algebraic manipulation (dividing and multiplying the left side by M * ) implies:
Combining eqs. 7 and 10, we get:
Now, if we neglect variations in M cl in Eq. 2, the the above equation implies:
Star formation models by Springel & Hernquist (2003) show that reasonable polytropic indexes for the ISM are between γ = 0.75 and γ = 2.3. In order to get γ within this range, then we need to assume that the stellar density scales approximately linearly with the sSFR.
Alternatively, we can assume that M cl ∝ n β g . Using the full version of 2, this implies: log C = 2γ 5α (log sSFR + log ρ * ) + 3β 5α (log sSFR + log ρ * ) + constant (13) With our adopted value of α, reasonable values of γ imply that β should have values between 2 and 3. With the approach that we have just presented, and assuming invariance of the stellar content per unit volume, our results imply that the stellar cluster mass should scale as a power law of the gas mass n g in star-forming regions.
6.3. SFR efficiency and gas depletion times The gas depletion timescale τ d , which is a measure of the star formation efficiency, varies from system to system along the log sSFR-log C correlation, and systems in the upper part of the diagram have on average shorter depletion timescales (or larger star formation efficiencies), as indicated in Fig. 6 . Using a similar argument, Magnelli et al. (2014) argue that the variations of T dust with ∆ log(sSFR) MS , the distance of a system to the fiducial MS, are related to variations in the gas depletion efficiency. They link this result to observational evidence in local galaxies.
Using atomic and molecular gas observations for a sample of local star-forming galaxies, Saintonge et al. (2011) show evidence for variations in both the gas depletion time τ d and the gas fraction as a function of distance from the fiducial MS: galaxies above the fiducial MS have higher gas fraction and shorter τ d . They also show that systems that are morphologically more disturbed are those with shorter gas depletion times. In our approach (Fig. 6) , variations in τ d arise as the natural consequence of the evolution of interacting systems as they consume their gas to fuel the intense star formation events during the coalescence phase, when the gas depletion becomes more efficient and the compactness increases. These efficient, compact stages of star formation in mergers are also characterized by a larger contribution from young (< 10 Myr) stars to the bolometric luminosity. We can estimate the depletion time for a particular merger in the local Universe using Eq. 4, or alternatively, from measuring the SED compactness, even if we lack information about the total gas content of the system.
Implications for the Main Sequence
We have seen that the time evolution of our simulated interactions naturally produces something very similar to the measured MS in the SFR-M * plane, and that the majority of our local mergers fall within this MS, unlike the local and intermediate redshift ULIRGs, that appear as outliers (Fig. 10) . According to the merger paradigm, the separation between on-and off-MS systems is explained by the fact that MS systems are disk galaxies that form stars in a time scales that are long, whereas outliers are merger-driven starbursts where star formation happens in timescales comparable to the dynamical timescale of the hosts. Based on morphological studies of a large sample of galaxies with z up to 2.5, Wuyts et al. (2011) find that a majority of galaxies in the MS show a disklike morphology, which supports this scenario. Several studies, however, have found a significant population of mergers (up to 20%) on the MS (Kartaltepe et al. 2012; Hung et al. 2013) . It is therefore important to quantify to which extent mergers contribute to the scatter of the MS, and to what extent they explain the population of outliers.
The results shown here imply that the scatter in sSFR created by the evolution of mergers (0.38 dex) is compatible with the 1σ scatter of about 0.3 measured in several studies of the MS at various redshifts (Noeske et al. 2007; Elbaz et al. 2007; Rodighiero et al. 2011; Whitaker et al. 2012; Schreiber et al. 2014 ). This does not mean that mergers only are responsible from the scatter. In fact, we have mentioned in the introduction that galaxies spend only a small fraction of their lifetimes as late-type mergers, and that the scatter of the MS could also be related to stochasticity of gas accretion or to variations in the galaxies' star formation histories. What we provide here is a quantification of the merger-driven scatter. Our results also demonstrate that if strong mergers are the cause for a population of MS outliers, they must have masses above 10 1 1 M ⊙ , because none of our simulations (except for the SMG galaxy, which is also very gas rich) reaches far above the MS, not even during the coalescence phase. For f gas > 0.6, galaxies lie significantly above the MS, but as we have discussed, there seems to be other mechanisms that contribute to the existence of an outlier population.
In our approach, the correlation between the average dust temperature T dust and the sSFR, as well as its direct relation to the scatter of the MS is explained by the increase of compactness as galaxies move closer to the upper envelope, when they approach the coalescence stage of the merger. We argue that the ISM properties parametrized by the compactness parameter change across the MS, and that such changes can be understood in terms of an increasing ISM pressure or average intensity of the radiation field as mergers evolve towards coalescence. By assuming a typical value for the radiation field near the star forming regions in a given system, we have estimated the pressure changes that would explain the scatter of the MS.
Our results also indicate an association between the outliers of the MS, and the outliers of the infrared MS with relatively high values of IR8. (Fig. 11) . However, not all of our infrared MS outliers (all of which are observed systems, except for the SMG simulation) have the SED properties attributed to them in (Elbaz et al. 2011) . Specifically, some of them (e.g., CDFS1, CDFS2, ELAISS, SWIRE2) have low compactness, which indicate relatively cold dust temperatures, in contraposition to the typical warm dust inferred for the Elbaz et al. (2011) outliers. In fact, the low compactness of these objects is compatible with either isolated galaxies or early stages of an interaction. The SMG simulation has IR8 values that are up to 3 times larger than in the original simulations, which implies that the f gas plays a role in the increased IR8 values. Within the infrared MS, for a given total stellar mass there is a correlation between IR8 and compactness. This could be interpreted as the result of PAH destruction in very compact systems, due to the strong radiation field of the starburst.
6.5. Possible interpretations of the offsets. Two regimes of star formation? We have seen that the physical conditions of the ISM change across the MS as interacting galaxies approach coalescence, producing at least part of the observed dispersion of the MS. We have argued that, if we assume an invariance of the radiation field from cluster to cluster, these changes can be interpreted as variations in the ISM ambient pressure, and that the effect of such variations is to create a correlation between the compactness of the typical H ii region in a given galaxy, which depends upon pressure, and the efficiency of gas depletion, that controls the sSFR. This correlation is represented in Fig. 8 and covers the evolution of mergers of different masses as they evolve from their quiescent, disk-like mode into the coalescence phase. We have also argued that a possible interpretation for the slope of the correlation can be put forward in terms of ǫ, the ratio between SFR inst and the gas density n gas , which seems to be the same for local mergers and intermediate redshift ULIRGs. However, one particular feature of Fig. 8 remains unexplained: the different normalization constant that needs to be applied to different populations of galaxies in order to obtain a Universal log sSFR-log C correlation.
For the intermediate-z ULIRGs, part of the offset is explained by the evolution of the MS with cosmic time (Noeske et al. 2007; Daddi et al. 2007; Magdis et al. 2010; Elbaz et al. 2011) : the MS shifts towards higher sSFR at higher z. Since the gas content of galaxies also increases with z, a possible interpretation of the evolution of the MS is that high-z galaxies form more stars per unit stellar mass because they have more gas available to do so (Combes 2012 , and references therein). Whereas in the Local Universe sSFR MS = 0.08 Gyr −1 , at z = 0.3 sSFR MS = 0.16 Gyr −1 . In fact, using the molecular gas mass estimates of Magdis et al. (2014) , which are based on gas-to-dust ratio calculations, we find that for our intermediate-z ULIRGs, the typical f gas is about 0.7-0.8 (and as high as 1.1 for SWIRE7, which brings it close to a typical submillimeter galaxy), or about a factor of 3 higher than the value of f gas in the simulations and local mergers, including the luminous stage 4 mergers (Sanders et al. 1991) . Using Eq. 13 in Elbaz et al. (2011) for the normalization of the MS with redshift, we find that this cosmological effect would shift the green squares of Fig. 8 at most by 0.3 dex to the left in the sSFR axis, aligning them with the local ULIRGs and NGC 3690. The remaining offset between the local mergers and the local ULIRGs, therefore, cannot be explained as a cosmological effect. We are left with a bimodal behavior of the log sSFR-log C correlation that defines the membership of particular galaxies to the MS. Galaxies in mode 1 are described by the parameters in the second row of Table 4 and belong to the MS, whereas mode 2 galaxies are described by the parameters in the third row of Table 4 and are outliers of the MS.
The sSFRs of outliers are more than 1σ above the mean value for the MS. Yet, their SEDs are not typical of MS outliers: they are consistent with lower compactness values (and in consequence, a colder T dust ) than we would expect from their sSFR, even after the cosmic evolution of the MS has been accounted for. We argue that the existence of the two modes can not be attributed exclusively to different relative gas content. We base this argument on the fact that the gas content differences that we estimate are not enough to account for the enhanced sSFR in outliers. Neither is the normalization of the MS using Eq. 13 in (Elbaz et al. 2011 ), as we have seen. In consequence, either outliers are more efficient at converting gas into stars (i.e. they have shorter τ d ), which results in a higher sSFR (but their ISM physics are the same as for MS galaxies), or their τ d is comparable to that of MS galaxies, but their ISM physics are different, resulting in a significant decrease in the compactness of their star-forming regions. Without favoring any of these two scenarios, we now evaluate their implications.
Depletion time
In Table 5 we list the gas depletion times for those galaxies in our sample for which we have found molecular gas masses in the literature. In order to estimate τ d in each case, we have divided the literature gas mass by our derived SFR 10 . Results indicate that τ d is systematically shorter (< 10 9 yr) for outliers, as compared to the depletion times obtained for the bulk of the simulated interactions (see Fig. 6 ). These outliers are depleting their molecular gas at a rate comparable with that of local interactions near coalescence. For the local ULIRGs and NGC 3690 this is not surprising, since we know that they are stage 4 systems, with extreme morphological disturbances, and most likely in a near-coalescence phase. Therefore, for these local ULIRGs we do not find evidence of depletion times that are shorter than those expected from their evolutionary stages.
In the case of the intermediate-z ULIRGs, on the other hand, some of their log C values are consistent with early, non-disturbed stages of the interaction (or isolated galaxies). Therefore, we would have expected to measure longer τ d for these systems. We therefore conclude that at least for the case of intermediate-z ULIRGs, a high gas depletion efficiency can provide an explanation for the different zero-point of the log sSFR-log C correlation. Such larger depletion efficiency in these systems could be related to a larger fraction of dense gas in outliers (Daddi et al. 2010 , see, for example).
Changes in compactness
An alternative explanation involves different physical conditions of the star-forming ISM in the two modes. In this case, gas depletion times are similar in both modes, but the ISM near star-forming regions in outliers has a lower value of C (i.e., has a lower pressure or a weaker radiation field) than the ISM in MS galaxies. If we assume that the distribution of cluster masses in an invariant between the two modes, then we can associate the change in compactness to a difference in the ISM pressure for a given sSFR. Specifically, if we again assume a typical cluster mass of M cl = 10 5 M ⊙ in Eq. 2, then a difference of 0.4 dex in compactness (the amount required to make the two modes overlap in Fig. 8 ) would correspond to a change in pressure of 1 order of magnitude. In other words, for a given sSFR, the ISM pressure would be 10 times higher in MS galaxies than in outliers. Interestingly, 1 order of magnitude is exactly the pressure difference between the present-day disk and the present-day bulge for a Milky Way-like galaxy, according to recent cosmological simulations (Munshi et al. 2014 ).
If we adopt this scenario, then the two different normalizations of the log sSFR-log C correlation can be interpreted in terms of two different pressure regimes for star formation: a high-pressure regime for MS galaxies and a low-pressure regime for outliers of the MS. While for both regimes a broad range of compactness values (and therefore of average dust temperatures) are possible, for a given sSFR the lower ISM pressure in outliers results in systematically colder dust temperatures. We note that this stands in contraposition to previous evidence using stacking of GOODS-Herschel sources, suggesting that outliers of the MS have hotter distributions of dust temperatures (Elbaz et al. 2011 ). Although we do not have large number statistics in our sample, we have applied our method to individual rather than stacked galaxies, and our results highlight the existence of at least a few MS outliers with cold SEDs.
The bottom line: if we attribute the existence of two modes exclusively to different star formation efficiencies, then it is natural to associate the outliers of the MS with merger-driven starbursts where the gas consumption times are short compared to the dynamical timescales of the galaxies. This paradigm, which provides an explanation for the increased sSFR in MS outliers, has been broadly adopted by the community. However, here we show evidence that some outliers of the MS have cold SEDs, that in our hydrodynamical models correspond to systems far from coalescence. If this picture stands, then we need to start looking for mechanisms other than mergers to explain the separation of the two modes. Such mechanisms could involve fundamental differences in the internal physics of the ISM.
SUMMARY
Over the last decade, a significant amount of evidence has been gathered that suggests the existence of a main sequence (MS) of star formation in galaxies. This MS is expressed in terms of a correlation between the SFR and the stellar mass of the form SFR ∝ M α * and spans about two orders of magnitude in both quantities. Several ideas have been suggested to explain fundamental properties of the MS, such as its slope, its dispersion, and its evolution with redshift, but no consensus has been reached regarding its true nature, and whether the membership or not of particular galaxies to this MS underlies the existence of two different modes of star formation. Using a statistically robust SED analysis method based on the star-forming galaxy models of Groves et al. (2008) , we have consistently analyzed the star-forming properties of a set of hydro-dynamical simulations of mergers and compared them with real observations of local mergers, local luminous (L > 10 11 L ⊙ ) mergers, and intermediate redshift ULIRGs, with the goal of characterizing the MS. We have reached the following conclusions:
1. We have quantified the contribution of mergers to the scatter of the MS at z = 0. We measure this scatter to be 0.38 dex. The sSFR evolves across the MS due to this effect: as galaxies approach coalescence, they move towards the upper envelope of the MS. This means that at a given redshift the MS should not be thought of as a one-to-one correlation between SFR and M * . Equivalently, not all galaxies in the MS have the same SFR per unit stellar mass. Instead, there is a smooth evolution of the sSFR with the interaction stage of the mergers. The observed scatter across the MS can be understood in terms of this evolution.
2. The sSFR of star-forming galaxies (and hence, their location across the MS) correlates tightly with the internal physics of the ISM in star-forming regions parametrized by the compactness parameter C. This parameter reflects the heating flux incident onto dust particles near H ii regions and depends on the mass of the typical star clusters formed (M cl ) and on the ambient pressure of the ISM (P 0 /k). Galaxies near the bottom envelope of the MS (isolated systems and early stage interactions) typically have low sSFR and low compactness, but both quantities increase as mergers go into the coalescence phase and move towards the upper envelope.
3. None of our simulated mergers, except for the gasrich SMG simulation, lie far above the MS, not even when they reach the coalescence phase. If outliers of the MS are strong starbursts driven by mergers, they must have total stellar masses above 10 11 M ⊙ , or have more gas (f gas > 0.6). On the other hand, not all of our observed outliers have SEDs compatible with strong mergers, which indicates that other processes might play a role in the emergence of the outlier regime.
4. The compactness variations across the MS, can be the effect of changes on either the average intensity of the radiation field, or the ISM pressure as mergers evolve into coalescence. Assuming that the average radiation field remains constant, and adopting a typical cluster mass of 10 5 M ⊙ , the variations in compactness across the MS correspond to a boost in pressure from P 0 /k = 10 3 K cm −3 near the bottom envelope of the MS to P 0 /k = 10 8 K cm −3
near the upper envelope.
5. The slope of the log sSFR-log C correlation implies that systems with large sSFR have relatively small physical sizes, according to: R ∝ sSFR −0.25 . For a fixed gas mass, the Kennicutt-Schmidt relation implies a similar trend, that is compatible with observations of luminous, compact starbursts like Arp 220. Alternatively, if stellar density does not change with sSFR, then the measured slope implies that the average stellar cluster mass in a system should scale as a power law of the ISM gas density: M cl ∝ n β g , with β = 2 − 3.
6. The normalization of the log sSFR-log C correlation has a bimodal nature that determines the membership to the MS of individual galaxies. Mode 1 galaxies belong to the MS and all evolve along the same log sSFR-log C line as they transit into the coalescence phase. Mode 2 galaxies are outliers and evolve along a similar correlation, but significantly offset towards higher sSFR (or lower compactness) with respect to MS galaxies. Not all of the outliers have SEDs compatible with mergers in the coalescence phase.
7. The observed bi-modality has two possible interpretations. The first one is that outliers have different timescales in the gas depletion (τ d = M gas /SFR), perhaps due to the extreme conditions in massive mergers and ULIRGs, and/or by their larger fraction of dense molecular gas. The second possibility involves invariance in τ d between MS objects and outliers, but a difference in the ISM conditions between the two modes: low-pressure star formation for outliers, and more compact star formation for MS galaxies.
